We derive the expressions of the vector and axial current from a chiral Lagrangian restricted to nucleons and pions. They display mixing terms between the axial and vector currents. We study how the modification of the quark condensate affects the coupling constants of the axial current, namely the pion decay constant and the nucleonic axial one. In the second case and in a dense medium, we express the renormalization as a meson exchange current. By doing so we show what part of the scalar density of the quarks contributes to the renormalization. We give an estimate for the quenching of the axial coupling constant linked to chiral symmetry restoration.
Introduction
The problem of the restoration in dense or hot matter of the chiral symmetry of the strong interactions, which is spontaneously violated in the QCD vacuum has been extensively addressed. The interest has largely focused on the quark condensate, considered as the order parameter. For independent particles the evolution of the quark condensate with density or temperature is governed by the sigma commutator of the particles present in the system with the simple following expression:
where the sum extends over the species present in the medium, ρ s is their scalar density and Σ their sigma commutator. The important role of the pions in the restoration process has been emphasized. In the hot vacuum they enter as the lightest particles created by the thermal fluctuations. But they are important as well in the nuclear medium: although created by the NN interaction they can be treated as an independent species in eq. (1), as shown by Chanfray and Ericson [1] . In this case their scalar density in eq. (1) refers to the difference with respect to an assembly of free nucleons. The pions which belong to the individual nucleons are already included in the nucleon sigma commutator. The pion contribution in the expression (1) thus incorporates the nucleon-nucleon interaction via pion exchange. At normal nuclear density the magnitude of the condensate has dropped by about 1/3, a large amount of restoration. It is essentially the effect of the nucleons adding their effects independently, the corrections due to the interaction being small. Such a large amount of restoration raises the question about manifestations directly linked to the symmetry. If there is no spontaneous violation of the symmetry, i.e., if it is realized in the Wigner mode, the hadron masses vanish or there exist parity doublets, each hadronic state being degenerate with its chiral partner. It is therefore legitimate to believe that the large amount of restoration at normal density manifests itself either by a decrease of the hadron masses, or by a mixing between opposite parities. A link between the evolution of the hadron masses and the amount of restoration has been suggested [2] . But it cannot be a straightforward one. Indeed, as was shown by Birse [3] , the density or temperature evolution of the masses cannot have a direct relation to that of the condensate. On the other hand the significance of chiral symmetry restoration for the parity mixing was first established by Ioffe et al. [4] for the thermal case. They showed that in a pion gas a mixing occurs between the vector and axial correlators. It arises from the emission or absorption of s-wave thermal pions, which changes the parity of the system. The mixing goes along with a quenching effect of the correlators, which, to first order in the pion density, equals 4/3 of the quenching of the quark condensate. These points were also made by Zahed et al. [5] . The extension of the formalism of Ioffe to finite densities has been attempted by Krippa [6] .
In this work we discuss the consequences of the mixing problem in a world restricted to nucleons and pions. The only transitions allowed in the nucleus are then nuclear transitions or pion production. We give the explicit expressions of the axial and vector current in a formalism based on chiral lagrangians. We will then discuss how the vector or axial transitions are affected by the requirements of the chiral symmetry. We will show that in the nuclear medium the complexity of the nuclear interactions bars a simple link between the quark condensate evolution, which is an average concept, and the renormalization of the correlators. For transitions which involve nucleons the detailed spatial structure of the chiral symmetry restoration is needed. Those where no nucleons appear are more directly linked to the evolution of the quark condensate.
Our article is organized as follows. In section 1 we derive the expressions of the axial and vector currents from the chiral lagrangians. In section 2 we use these expressions to study the renormalization of the pion decay constant in the hot pion gas and in the nuclear medium. We express it in terms of the mean value of the square of the pion field, the same quantity which appears in the condensate evolution. In section 3 we apply the same technique to the axial coupling constant. We compare the result in the nuclear medium to the traditional treatment of the renormalization problem in nuclear physics, namely by the meson exchange currents. By doing so we show how the correlations between nucleons enter in this problem. These have the consequence that the usual concept of restoration based on a spatial average becomes insufficient. We give an estimate of the quenching of the axial coupling constant. We also discuss the renormalization of the Kroll-Ruderman matrix element of pion photoproduction.
The Lagrangian and the currents
Our starting point is the chiral Lagrangian in the form introduced by Weinberg. We use, as in our previous work of ref. [7] , the version of Lynn [8] , which allows one to obtain the nucleon sigma commutator in the tree approximation. The Lagrangian writes:
We have to specify the quantity σ N associated with the nucleon density in eq. (2) . The free nucleon sigma commutator Σ N cannot be entirely attributed to the pion cloud. We define σ N to be the difference between the total and pionic contributions:
For instance in the cloudy bag model where the nucleon is described in terms of valence quarks and pions, the valence contribution is approximatively 1/3 of the total value, i.e. σ N ≈ 15MeV [9] .
From the Lagrangian of eq. (2) we derive the expressions of the axial and isovector vector currents:
The conservation law of the vector current can be shown, using the equations of motion for the nucleon and the pion fields. The divergence of the axial current instead satisfies the following relation:
Some comments on the expressions (4) and (5) are in order. Let us first discuss the free case. We recognize in some of the terms the usual expressions for the vector or axial current coupled to a free nucleon or pion. In addition the axial current can create one or more pions, either in free space (first terms of eq. (4)), or when it acts on the nucleon via a term (last one of eq. (4)) which is the equivalent for the axial current of the Weinberg-Tomozawa term of π-N scattering. Similarly the vector current acting on the nucleon can create one (or more) pion via the Kroll-Ruderman term, i.e. the contact piece of photoproduction (last term of eq. (5)). Let us now turn to the case of a hadronic medium. The expressions (4) and (5) illustrate in a striking fashion the way in which the axial and vector current mixing occurs. Indeed, in the hot situation any of the pions can be one of the heat bath. Its creation or annihilation takes care of one of the pion fields in the expression of the currents and we are left with a current of opposite parity. As an example, consider the creation or absorption of a thermal pion by the Kroll-Ruderman term of the vector current. The nuclear matrix element for this process is, as well known, that of the axial current, which excites preferentially unnatural parity states. Similarly the pion production or annihilation by the Weinberg term of the axial current introduces the vector current nuclear matrix element. To the extent that the Weinberg term is mediated by the rho meson and the Kroll-Ruderman one by the A 1 meson, these expressions include the effects, at low momenta, of the ρ − A 1 mixing.
It is interesting to observe on expressions (4) and (5) that the Kroll-Ruderman term itself can be obtained from the fourth term of the axial current by suppression of one of the pion fields (representing creation or annihilation of a thermal pion). Thus the three terms containing g A in eqs (4) and (5) are linked together by suppression or addition of one pion field. The same is true for the three purely pionic terms and for the three terms in γ µ as well. Thus a grouping three by three of the various terms naturally emerges from our expressions.
In the cold but dense situation one can consider that there is a pion bath and similar considerations about the mixing apply. However the pions are not thermal ones but the virtual ones from the nucleon clouds. Since they fully belong to the nucleus and not to an external reservoir, the concept of axial and vector mixing becomes more subtle. It is formally present as before in the expression of the currents. However the fact that the pion emitted or absorbed comes from a neighbouring nucleon, makes this concept unapplicable at the level of the whole nucleus. The overall matrix element remains of purely vector or axial nature without mixing. It is only at a sublevel that the mixing makes sense. This is illustrated by fig. 4 for the Kroll-Ruderman (vector) amplitude. In a first step an s-wave pion is photoproduced on a (A-1) subsystem and then absorbed by the remaining nucleon which gets excited. Thus it is the matrix element for the (A-1) system which is of axial nature.
In nuclear physics the effects associated with the mixing terms have long been considered under the denomination of meson exchange currents. Consider for instance the production of an s-wave pion by the vector current via the KrollRuderman term. If this pion is that absorbed by a neighbouring nucleon, the corresponding process is the excitation of high lying nuclear states (2p-2h), as is well known. It belongs to the quasi-deuteron photoabsorption cross-section. Another example is the influence of the Weinberg-Tomozawa term on the time part of the axial current, which enters via the Pauli correlations and sizeably increases the time-like axial coupling constant [10] . The present approach puts these effects in a perspective linked to chiral symmetry.
The mixing goes along with a renormalization of certain coupling constants such as the axial one. For instance the appearance of the Kroll-Ruderman term (last term of eq. (5)) in the vector current is at the origin of a renormalization of the axial coupling constant g A as we discuss later. We will show that the coupling constant renormalizations are governed in our formalism by the squared pion field φ 2 . In effective theories this is also the case for the quark condensate evolution [1] . A link between the two is therefore possible, with the restrictions that will be discussed later. As for the cross sections which arise from the presence of mixing terms such as the Weinberg-Tomozawa or the Kroll-Ruderman ones, they are governed by the product φ(x)φ(y), with the pion fields taken at different space-time values. There is therefore no relation to the condensate. Only at low temperature in the pion gas situation or at large momentum transfer in the dense medium x and y can be taken as the same point and a link becomes possible, as shown in ref. [4, 5, 6] .
Quantitatively among the points that we will discuss in this work the first one concerns the renormalization of the pion decay constant in a hot hadronic medium and in a dense hadronic one. We do this only in order to illustrate the method. We reach no new result and we simply recover the results of the chiral perturbation theories and of our previous works of ref. [11] . Our main and new point concerns the quenching of the axial coupling constant both at finite temperature and in a dense medium. The comparison between the two situations illustrates the complexity of the finite density case as compared to the heat bath.
The pion decay constant
We start with the case of the hot pion gas. The production of a pion by the axial current is governed by the first two terms of the expression (4). Limiting the expansion to first order in the squared pion field we obtain:
The pion field is expanded in terms of creation and annihilation operators B and B † for a quasi-pion in the medium:
where ω * k is the energy of a quasi-pion of momentum k, ω *
π with m * π the effective pion mass. The quantity γ is the residue of the pion pole. Since the derivative of the pion field gives no contribution when it acts on the pions of the bath, the matrix element for production of a quasi-pion by the axial current reduces to:
where the second equation defines the renormalized pion decay constant f * π . In a pion gas the residue γ has been derived by Chanfray et al. [11] . To first order in the quantity φ 2 , equivalently the pion density, it writes, in the Weinberg representation:
The renormalized pion decay constant then reads:
On the other hand, the temperature evolution of the condensate in a hot pion gas is, to first order in the quantity φ 2 , as given in ref. [11] :
Thus the renormalization of f π follows the evolution of the condensate but with the coefficient 2/3, in agreement with previous works [12, 4, 11] . Note that this renormalization applies to both space and time components of the axial current. We now turn to the dense medium. Formally we can follow the same procedure. The presence in the nuclear medium of a scalar field, in the form of an expectation value of the quantity φ 2 , renormalizes the pion decay constant. Formally the expression is the same as previously,
). If we treat the nuclear medium as a pion gas, the residue γ entirely arises from π-π interactions and is the same as given previously in eq. (10) . In this simplified treatment f * π is linked to φ 2 as given in eq. (11) . Even with this simple form, the renormalization of f π does not follow 2/3 of the condensate one. The reason is that the condensate evolution in the nuclear medium is governed by the full nucleon sigma commutator Σ N , which is not entirely due to φ 2 . There exists also the non pionic contribution embodied in σ N , as discussed previously. Thus the two renormalizations do not follow each other. This result is general and applies as well to the axial coupling constant g A . The quenching effect is the counterpart of the mixing, itself induced by the pion. Only the part of the scalar field originating from the squared pion field is thus effective in the quenching while the whole scalar field participates in the modification of the condensate. This is not the only restriction which prevents a simple link to the condensate in the nuclear medium. The residue γ itself is not entirely due to π-π scattering. There exist other sources for the energy dependence of the s-wave π-N interaction, such as the ∆ excitation. The medium renormalization of f π cannot be written in the simple form (11) . This illustrates the complexity of the dense medium as compared to the hot pion gas. The in-medium pion decay constant has been previously linked by Chanfray et al. [13] through the nuclear Gell-Mann-Oakes-Renner relation to the evolution of the pion mass, itself obtained empirically from the s-wave pion-nucleus optical potential.
The axial coupling constant
We now turn to the axial coupling constant. Its renormalization is governed by the fourth term of eq. (4). After rearrangement with the Gamow-Teller current (third term), we get:
On the other hand we work in the non linear sigma model where the sigma field writes σ = f π cosF (x) with x = φ/f π . The symmetry breaking Lagrangian, which in QCD is −2m, writes in the sigma model:
π cosF . Therefore the condensate evolution follows [11] :
In the Weinberg representation where
. Hence the axial coupling constant renormalized by the pion loops ( fig. 4a ) can be written:
Thus in a hot medium, the axial coupling constant exactly follows 2/3 of the quark condensate evolution (as long as it is pion dominated), and this to all orders in the pion density. In contradistinction, the presence of the residue in the renormalized pion decay constant impedes the determination of f * π beyond the first order. We have checked the expected independence of our results on the particular representation of the non-linear Lagrangian.
We now turn to the case of finite density. Formally the expression of g * A in terms of the pion field squared is the same. However in the nuclear medium the pions originate from the other nucleons so that the nucleon-nucleon correlations cannot be ignored. Here it is useful to make the link between this renormalization and the traditional picture of meson exchange currents. The corresponding graph is, to first order, that of fig. 4b .
The two-body contribution written as an exchange one is, in the static approximation:
where φ(x ′ , 0) is the Yukawa field, taken at the origin, of the nucleon located at the point x ′ , ρ(x ′ ) is the nuclear density and G(x ′ , 0) is the nucleon-nucleon correlation function. Therefore it is not the full scalar field which acts in the renormalization of g A , but only the part which extends beyond the range of the correlation hole. No such distinction occurred for the pion decay constant since the pion produced by the axial current can be anywhere in the nucleus.
In order to obtain an estimate for g * A , we assume a total exclusion of other nucleons in a sphere of radius r 0 = 0.6f m . For the scalar field density distribution φ 2 (x ′ , 0) we take the one calculated by Wakamatsu [14] in a chiral soliton model, keeping only the sea contribution, i.e. the one related to the squared pion field. In order to facilitate the comparison of the quenching effect of g A to that of the condensate which is governed by the nucleon sigma term, we introduce a quantity (Σ N ) ef f :
Numerically we find an effective value (Σ N ) ef f ≈ 14MeV . With the scalar density distribution of ref. [14] this value (Σ N ) ef f is not sensitive to the presence of the cut-off, since this density is such that its contribution to the integral remains small up to the cut-off r 0 .
However this number does not include the Pauli blocking effect which removes the occupied states in the process of pion emission. This effect has been calculated in refs. [15, 1] but for the whole space integral (i.e. without a cut-off) of the quantity φ 2 . Expressed in terms of a modification of the sigma commutator it amounts to a reduction (∆Σ N ) P auli = −2.6MeV . However this has been calculated with a different scalar density φ 2 which directly follows from the expression of the static pion field. The blocking effect, which is already moderate, should thus be less pronounced with the distribution of ref. [14] which we have used. We ignore it in the following.
Coming back to the renormalized axial coupling constant, we have:
This represents a 8% quenching at normal nuclear density, while the condensate has dropped by 35%. Notice that the evolution is sizeably slower but it is sensitive to the scalar density distribution. This quenching applies to all the components, space or time, of the axial current. Other renormalization effects have to be added. They are known to act differently on the different components. For instance the Weinberg-Tomozawa term acts on the time component alone, producing a sizeable enhancement [10] . In the case of the space component the nucleon polarization under the influence of the pion field N → ∆ leads to the Lorentz-Lorenz quenching [16] . In the latter case the two renormalizations go in the same direction of a quenching.
The extra reduction that we have introduced in this work could help to explain the large amount of quenching observed in Gamow-Teller transitions. To get an idea we translate the effect into an equivalent Lorentz-Lorenz one by an effective Landau-Migdal parameter. An 8% quenching represents an increase δg ′ N ∆ ≈ 0.13, an appreciable number in view of the favoured value which is around 0.4.
Closely related to the Gamow-Teller transition is the pion photoproduction at threshold through the Kroll-Ruderman term. To lowest order the nuclear transition is governed by the axial current. We want now to discuss how it is renormalized in the medium following chiral symmetry requirements. Expanding to first order in φ 2 /f 2 π and applying Wick theorem, the relevant current writes:
For the production of a quasi-pion in the medium, the renormalization r KR of the amplitude involves again the residue γ:
For illustrating the complexity of the situation we first assume that the residue is entirely given by π − π scattering and take the value of eq. (10). Moreover we ignore the correlation complications. We obtain then:
which is 1/3 of the variation of the condensate, in contradistinction to the axial transitions where the factor is 2/3. This result does not contradict the general expressions of Ioffe et al. [4] as the Kroll-Ruderman term represents already a mixing of the axial current into the vector one. The evolution as 1/3 of the condensate one would apply in the hot pion gas situation. In the nuclear medium all the complications mentioned previously occur: the role of the correlations, the link between the condensate evolution and the expectation value of φ 2 and the problem with the residue γ. This case cumulates all of the difficulties of the dense medium. In all instances the overall renormalization of the Kroll-Ruderman matrix element should be small.
Conclusion
In conclusion we have studied the consequences of chiral symmetry restoration in a world restricted to nucleons and pions. We have written the formal expressions of the vector and axial current from a chiral Lagrangian. We have shown how their expressions implement the mixing between the vector-vector and axial-axial correlators. The mixing is accompanied by a renormalization of the coupling constants of the axial current. In a hot medium both the pion decay constant and the nucleonic axial one are quenched by the thermal pion loops. Their evolution follows 2/3 of the condensate one. In the nuclear medium the pion bath is replaced by the virtual pion cloud of the nucleons. We have illustrated in this case the meaning of axial and vector mixing which only exists at a sublevel. For what concerns the renormalization of the axial coupling constants in the dense medium, we have expressed it in terms of the scalar field φ 2 . It lead us to introduce a new meson exchange current which quenches the axial coupling constant of the nucleon. It is not possible to link this quenching to the evolution of the quark condensate. All the complexity of the nuclear dynamics enters in the renormalization. We have shown that chiral symmetry restoration as an average concept is not sufficient to predict the renormalization but the detailed spatial distribution of the quark condensate is needed. This is an illustration of the point made by T. Ericson [17] about the possible importance of the spatial fluctuations of the condensate. Only that part of the pionic field which is beyond the correlation hole enters effectively in the renormalization problem, while the whole pionic field contributes to chiral symmetry restoration. We have given an estimate for the quenching of the axial coupling constant arising from the requirements of chiral symmetry. Although it is not very large (about 10%), this additional quenching, which to our knowledge was not considered before, is significant and may help explain the large observed quenching of the Gamow-Teller sum rule. We have also discussed the photoproduction amplitude arising from the Kroll-Ruderman term. It represents a mixing term of the axial current into the vector one. We have shown that its evolution is slower than the axial coupling constant one.
This work can be extended to enlarge the space. The first step is to include the Delta excitation. Another extension concerns the explicit introduction of the rho and the A1 mesons, which the mixing of the axial and vector correlators allows to be excited either by the vector or by the axial current. 
